In an experimental study we assessed if benthic bioturbating invertebrates affect the recruitment (hatching) of zooplankton from the sediment, and if this effect persists as differences in the zooplankton community in the water column, that is, if bioturbation quantitatively stimulates benthicpelagic coupling. We investigated the effects of four different benthic invertebrates (Asellus aquaticus, Chironomus plumosus, Tubifex tubifex in the presence or absence of the predator Sialis lutaria). In total, 45 zooplankton taxa hatched from the sediment and the hatching success of some of these was dependent on the species identity of the bioturbating invertebrate. The predator Sialis reduced the abundance of all three invertebrate species, but tended to positively influence the zooplankton recruitment rates, possibly through increasing the activity of the bioturbating invertebrates. The most striking effect of bioturbation on the hatching and pelagic zooplankton community properties was that, on average, 11% more species hatched in the Asellus treatment than in any other treatment. This was also mirrored in the zooplankton water column community where, on average, 7% more species established a viable population in treatments with Asellus as bioturbator. In a complementary field survey, Asellus was more common in littoral than in profundal sediments. Because Asellus strongly affected recruitment of zooplankton in our experiment, we argue that bioturbation may partly explain why recruitment of resting stages of both phyto-and zooplankton is generally higher in littoral than in profundal areas.
INTRODUCTION
Studies in aquatic ecosystems tend to focus on either benthic or pelagic processes, even though a number of important processes link these habitats, implying that benthic-pelagic coupling is not fully recognized (Vadebonceur and others 2002; Vander Zanden and others 2005) . Benthic-pelagic coupling is a broad concept encompassing a number of processes, such as redistribution of sediment particles by benthic organisms (''bioturbation''), and nutrient exchange between sediment and water (Petr 1977; Svensson 1998; Meysman and others 2006) . Moreover, fish feeding on benthic prey may subsidize an increased top-down pressure on their pelagic prey (Jeppesen and others 2003) , suggesting that the planktons are indirectly affected by benthic-pelagic coupling. Pelagic plankton communities are also directly affected by benthic processes because virtually all pelagic phyto-and zooplankton have benthic dormant stages (Fryxell 1983; Gyllströ m and Hansson 2004) . Zooplankton diapausing eggs may persist in lake sediments more than 300 years (Hairston and others 1995) , and such egg-banks in the sediment may influence the population ecology and evolution of zooplankton (Hairston 1996; Gyllströ m and Hansson 2004) . Zooplankton diapausing eggs typically need an environmental cue to hatch, the most common being light (photoperiod) and temperature, or a specific combination of these two (Gyllströ m and Hansson 2004) . If eggs through any process such as sedimentation or active transport by benthic organisms are brought below the surface layer, they will not be able to hatch. Bioturbation may move eggs either up toward the surface or downward, depending on the behavior of the benthic organism turbating the sediment (Marcus and Schmidt-Gengenbach 1986; Kearns and others 1996) . Bioturbation of the sediment by Asellus aquaticus and Chironomus plumosus significantly increased recruitment of cyanobacteria and zooplankton, affecting the development of their planktonic populations (Stå hl-Delbanco and Hansson 2002) , and mechanical mixing increased hatching of copepods (Hairston and Kearns 2002) . In the latter study the hatching rate of the calanoid copepod Diaptomus sanguineus increased with the depth of the mixed sediment layer, implying that the effect of a bioturbating species may depend on the magnitude of its sediment-mixing activities. Some benthic invertebrates, such as amphipods, may also prey upon diapausing eggs (Cá ceres and Hairston 1998), and predation by marine amphipod and bivalve predators on diapausing eggs lead to decreased zooplankton hatching in an experimental setup (Viitasalo and others 2007) . But to our knowledge no one has studied how interactions among benthic species affect bioturbation and hatching of diapausing eggs.
Benthic processes are thus potentially important for the ecology and evolution of zooplankton, but knowledge of these processes is indeed limited. Hence, it may be of considerable importance to evaluate effects of benthic communities on hatching from diapausing eggs and resulting indirect effects on the pelagic plankton community. If bioturbation affects zooplankton recruitment from diapausing eggs, processes controlling abundance and behavior of bioturbating organisms may indirectly affect zooplankton communities. We therefore hypothesize that predation on benthic bioturbators may affect zooplankton recruitment from the sediment. The effect of predation on zooplankton hatching through decreased biomass or abundance of a bioturbating species should, however, depend on whether the bioturbation of that particular species increases or decreases zooplankton hatching rates (that is, if it buries diapausing eggs deeper into the sediment or brings them toward the surface). The effect of hatching from diapausing eggs on the active zooplankton community varies seasonally and among species, depending on factors in the pelagic environment, such as food quantity and quality, or the relation between hatching rate and the size of the pelagic population (Arbaciauskas and Gasiunaite 1996; . We therefore expect the effect of bioturbation and predation on bioturbating species in the benthic habitat to interact with pelagic processes in shaping the zooplankton community.
To quantify effects of bioturbation on pelagic zooplankton communities we performed a laboratory study in aquaria using natural lake sediments. We used four benthic invertebrate species common in lake sediments but with potentially different effects on the redistribution of lake sediments: the aquatic sowbug (Asellus aquaticus), an omnivore that redistributes the top layer of the sediments while rummaging for food, a midge larvae (Chironomus plumosus), which makes U-shaped burrows in the sediment, and the tubificid oligochaete Tubifex tubifex, which burrows head down into the sediment feeding on organic material from deeper layers and depositing its feces at the sediment surface. The predatory alderfly larvae Sialis lutaria also forages in the sediment and may thus have a bioturbating effect in itself, and may also alter the behavior of its benthic prey, but we hypothesize that the main effect is through consumption of their prey species, reducing the bioturbation of these. Compared to C. plumosus and T. tubifex, A. aquaticus is more active and moves around while foraging, which implies that it should redistribute larger volumes of sediment and that its bioturbation is more evenly spread ''horizontally'' in the sediment.
We hypothesize that the bioturbating behavior of benthic invertebrates affects the number of species and abundance of zooplankton hatching from diapausing eggs. We predict that the highest hatching rates would be found in the Asellus treatment due to their higher activity in the sediment. We also expect the effect of C. plumosus to be larger than that of T. tubifex. The latter species is smaller and feeds selectively on particles much smaller than zooplankton resting eggs which means that it may actually be predicted to have a negative impact on the hatching of zooplankton by covering the eggs at the surface with organic material thereby creating a barrier through which light may not penetrate (Matisoff and others 1999; Rodriguez and others 2001) . The generality of the experimental study was evaluated using a large data set on the distribution of the different bioturbators in littoral and profundal sediments, respectively.
MATERIAL AND METHODS
The experiment was conducted in a walk-in incubator and consisted of a setup of 50 plastic aquaria measuring 0.32 9 0.20 9 0.20 m. Light was provided by fluorescent tubes and mean light intensity reaching the water surface of the aquaria was 11.0 (±3.5) lmol m -2 s -1 . Three species of bioturbating invertebrates (Asellus aquaticus, Tubifex sp. and, Chironomus plumosus) and one invertebrate predator, Sialis lutaria were used in the experiment. Asellus and Sialis were collected from the nearby Lake Krankesjö n and Chironomus from Lake Krankesjö n and Lake Sö vdesjö n, both located in southernmost Sweden (55°N, 13°E). A commercial fish-food dealer supplied Tubifex.
Surface sediment (0-0.1 m sediment depth) was collected from 4 m water depth in Lake Dagstorpssjö n, (55°52¢N, 13°32¢S) in southern Sweden. The sediment was sieved through 1 mm mesh to obtain a homogenous sediment free of larger animals and added to the plastic aquaria to a depth of 0.05 m. The water content of the sediment in Lake Dagstorpssjö n is 900 mg g -1 wet weight and the organic content is 310 mg g -1 dry weight. Sediment was allowed to settle for 13 days in complete darkness and 6°C to prevent any recruitment from diapausing phyto-or zooplankton. The aquaria were then carefully filled up with tap water to a final volume of 12 l. Because tap water in Sweden is only very lightly chlorinated, it contains no detectable amounts of chlorine or chloramines at the end user (Local Water Authority; pers. comm). At the start of the experiment (2 May 2006), the temperature was raised to 14°C and a light:dark cycle of 15:9 was used throughout the experiment, which ended 6 weeks later (14 June).
The experiment followed a 4 9 2 factorial design with four levels of bioturbation, two levels of predation and five replicates of each treatment, all randomly placed in the walk-in incubator. The four bioturbation treatments consisted of one control with no animals and three single species treatments with 60 chironomids, 60 Asellus, and 120 Tubifex, respectively. The two predation treatments were no Sialis (control) or five Sialis per aquarium. A higher abundance of Tubifex was used to compensate for their lower individual biomass. We first added Chironomids, Asellus, and Tubifex and allowed them to settle in the sediment before adding the predator Sialis in the predator-prey treatments. Low oxygen levels during the initial week led to mortality in all treatments. We therefore took measures to compensate for dead animals in the sediment, and added an extra 10% new animals in all treatments and an additional two predators after the first week. To avoid further oxygen depletion the aquaria were aerated during the remainder of the experiment. Throughout the experiment visible dead animals were removed and replaced with new ones. Moreover, hatched chironomid larvae, indicated by empty shells at the water surface, were immediately replaced. Water loss due to sampling and evaporation was compensated for by addition of water up to the original level. At the end of the experiment, the sediment from each aquarium was sieved through 1 mm mesh. All live animals remaining were stored in 96% ethanol and later counted and measured.
Once every week throughout the experiment, starting on the first day of the experiment, the aquaria were sampled for zooplankton recruitment from diapausing eggs. Recruitment from diapausing eggs in the sediment was measured in the aquaria with inverted funnel traps, one in each aquarium, covering 8.7 9 10 -3 m 2 , corresponding to about 14% of the sediment surface. The traps were a modification of the type used by Hansson and others (1994) , which consist of a transparent plastic inverted funnel (105 mm diameter) leading into a 30 ml glass vial. A window in the funnel covered with a plankton net (mesh size 50 lm) allowed exchange of water and oxygen, but excluded animals from the surrounding water column. Initially, the traps were filled with tap water, lowered and then gently pushed 10 mm into the sediment. To avoid contamination by zooplankton a sieve (mesh size 50 lm) was held under the traps as they were lowered through the water column. The traps were left for approximately 48 h before they were retrieved. At the end of each sampling period the contents of the glass vial were preserved with Lugol's solution and the entire sample was later examined under an inverted microscope at 1009 magnification. Hatching rate was calculated as the number of individuals emerging d -1 m -2 . The abundance and community composition of zooplankton in the water column at the two last sampling dates (presented as the average of the two sampling dates) was used to estimate the resulting pelagic zooplankton community. An integrated sample of the water column from the surface to the bottom was taken in the water column of the aquaria. Three such samples obtained with a tube sampler (26 mm diameter) were pooled and filtered through a plankton net (mesh size 50 lm). Animals retained on the net were preserved in Lugol's solution and the zooplankton community was examined in the same way as the zooplankton from the traps and abundance calculated as number of individuals l -1
. Zooplanktons were determined to species level, except for copepods, which were divided into cyclopoids and calanoids. Further, due to the distortion of species of the genus Synchaeta in Lugol's solution, identification was only possible to genus level.
Effects of predation and bioturbating species on cumulative hatching (total abundance and total number of species found in each aquarium during the course of the experiment) of zooplankton from diapausing eggs in the sediment, and zooplankton abundance and species richness in the water column were analyzed with two-way ANOVA, with Tukey post-hoc tests. All variables were checked for homogeneity of variance and normal distribution of residuals and, if necessary, transformed before analysis. To further examine the effect of hatching from diapausing eggs on the resulting zooplankton community correlations of water column abundance and diversity and cumulative hatching (abundance and diversity) were performed.
To evaluate the effect of predation and bioturbating species on zooplankton community composition a PCA was performed on the water column zooplankton data and the cumulative hatching data. An unrotated factor solution was used and the resulting scores were analyzed with two-way ANOVA as described above, using predation and bioturbating species as independent variables.
To assess the implications of the results from the experiment for natural systems the spatial distribution of the involved species in lakes was investigated. Data for bioturbator species distribution in littoral and profundal sediments, respectively, were downloaded from the website of the Swedish national data host (Swedish University of Agricultural Sciences, 2007) and were collected within the Swedish national environmental monitoring programs performed by The Swedish Environmental Protection Agency (SEPA). In the national monitoring programs invertebrate profundal samples are collected in accordance with Swedish standard (SS 028190), in which five replicate samples are taken with an Ekman dredge from an area with a 100 m radius from over the deepest part of the lake. Animals retained on a 0.5 mm sieve are identified and counted. Littoral samples are collected according to European standard (SS-EN 27 828) with a hand-net (mesh-size 0.5 mm) in five replicates within a 10-m stretch along an exposed shore without vegetation. Samples are collected at a maximum depth of 1 m and each sample contains animals from an area of approximately 0.25 m 2 . Data on benthic invertebrates from 42 lakes, sampled at least once a year during 2-22 years, were used (median number of sampled years was 11). Total nitrogen and phosphorous were sampled according to methods found in SEPA report 3108 (Rö ndell and Zetterberg 1986) and analyzed according to Swedish standard (SS 028131 and SS 028127, respectively). Differences between littoral and profundal abundances of the investigated species were examined with paired t-tests.
RESULTS
Predation by Sialis lutaria reduced the abundance of all three benthic invertebrate species (Figure 1 , Table 1 ). In the predator-free treatments the species specific survival, expressed as a percentage of the number of individuals added at the beginning of the experiment (including the 10% added after the first week) was higher for Tubifex (69 ± 15%, number ± 1 SD) than for Asellus (44 ± 13%) and Chironomus (41 ± 8%) (one-way ANOVA with Tukey's post-hoc test on arcsine square root transformed data, SS = 0.269, F = 7.443, P = 0.008, df = 2). Tubifex had the highest abundance at the end of the experiment, but Chironomus had the highest biomass (Figure 1 ). The number of predators surviving did not differ among treatments, whereas predator biomass differed depending on prey taxa (Table 1) .
Hatching Zooplankton Community Structure
A total of 45 zooplankton taxa were found in the hatching traps: 40 rotifer species, cyclopoid, and calanoid copepods; two cladoceran species; and one ostracod species. Thirteen of these taxa were found in all treatments, but nine taxa were exclusively found in one treatment. Three taxa were found only in the Chironomus treatment, five only in the Asellus treatment, and one taxon was exclusive to the Tubifex treatment. The most common taxa were in decreasing order Synchaeta spp, Filinia longiseta, and Trichocerca cylindrica, which were among the five most abundant species in all treatments. Two of the five species with the highest cumulative hatching in the Asellus treatment were very rare (less than 0.5% of the cumulative hatching) in the other treatments. Abundance of hatching zooplankters did not differ from the control for any of the treatments (Table 2 ), but the Asellus treatment had significantly higher cumulative hatching than the Chironomus treatment (Figure 2 ). The highest species richness of hatching zooplankton was found in the Asellus treatment (Figure 2 ). Abundances of hatching zooplankton always tended to be higher in treatments with, than without predators (Figure 2 , Table 2 ). The PCA analysis of the cumulative hatching data generated 15 components with an Eigenvalue above 1. The most pronounced drop in the amount of variance explained by each component was after the first three components, which explained 30% of the variance in the material. The scores of these three components were used as dependent variables in two-way ANOVA analyses with bioturbating species and predation as independent variables. The Asellus treatment had significantly higher scores than all other treatments for the first two components. The first component, which explained 11% of the variation, was positively correlated with the abundance of Ascomorpha sp., Asplanchna priodonta, Brachionus angularis, Cephalodella gibba, Filinia longiseta, Polyarthra remata, Trichocerca capucina, Trichocerca cylindrica, Trichotria teractis, and Euchlanis sp. (Figure 3A) . The second component, which explained 10% of the variation, was positively related to the abundance of Argonotholca foliacea, Ascomorpha sp., Brachionus angularis, Trichocerca porcellus, Calanoid nauplii, Bosmina longirostris and negatively correlated with Filinia longiseta and Notholca labis ( Figure 3B ). Predation treatments had higher scores in the third component, which explained 9% of the variation, and were positively related to the abundance of, Trichocerca porcellus, Calanoid nauplii, Bosmina longirostris and negatively related to, Ascomorpha sp., Cephalodella gibba, Lecane sp., and Polyarthra dolichoptera ( Figure 3C ).
Water Column Zooplankton Community Structure
At the first sampling date no planktons were found in the water column in any treatment. Hence, all zooplankton species observed at later dates originated from the sediment and the animals recorded in the water were therefore a result of hatching and subsequent population growth in the water column. At the end of the experiment 31 zooplankton taxa were found in the water column of the aquaria: 25 rotifer species, cyclopoid, and calanoid copepods; three cladoceran species; and one ostracod species. This means that not all species found in the hatching traps established a viable population in the water column and the realized species richness was lower, compared to the cumulative number of species that had hatched, in all treatments. On average 60% of the species hatching into the water column established a population. The only species found in the water column that was not detected in the hatching traps was Diaphanosoma brachyurum. None of the species that were unique to treatments in the hatching traps established a viable population in the water column. The most common species were Synchaeta sp., Filinia longiseta, Polyarthra dolichoptera, which were among the five most abundant species in all treatments, and Conochilus unicornis which was among the five most abundant species in all treatments except the chironomid treatment with predators. Except for the higher abundance of zooplankton in the Asellus treatment compared to the Chironomus treatment, no other treatment effects on the water column zooplankton abundance were found ( Figure 4 , Table 2 ). The higher species richness in the hatching traps of the Asellus treatments was also mirrored in the water column zooplankton. There was a weak but significant positive correlation between cumulative number of hatched zooplankton and abundance in the water column (Pearson correlation, r = 0.473; P = 0.002; n = 40; Figure 5A ). Dependent variables were cumulative total abundance of hatched zooplankton and the total abundance of zooplankton in the water column at the end of the experiment, cumulative species richness of hatched zooplankton species and in the water column. Test based on LOG 10 transformed data.
Moreover, zooplankton species richness in the water column was positively correlated to cumulative species richness in the hatching traps (Pearson correlation, r = 0.653; P < 0.001; n = 40) ( Figure 5B ). The PCA analysis of zooplankton abundance in the plankton generated 13 components with an Eigenvalue above 1. The amount of variation explained by each component leveled off after the first six components, which explained 51% of the variance in the material. The scores of these components were used as dependent variables in twoway ANOVA analyses with bioturbating species and predation as independent variables. With respect to zooplankton in the water column, the first component, explaining 12% of the variation, was the only component with a significant relation to the treatments (Table 3 ). The scores of the first component were significantly higher in the Asellus treatment than the Chironomus treatment and the component was positively correlated to the abundance of Cephalodella gibba, Trichocerca cylindrica, Trichocerca porcellus, Diaphanosoma brachyurum, and Euchlanis sp. There was also a trend of lower scores with predation in all treatments except the control ( Figure 3D ).
Bioturbator Distribution in Natural Systems
The 42 lakes included in the field survey range in latitude from southern to northernmost Sweden (about N55°-N68°) and cover a wide range in trophic status from low productivity sub-arctic lakes with phosphorus concentrations of 5 lg l -1 to eutrophic lowland lakes (Table 4) . Mean surface area of the lakes is 0.9 km 2 and mean depth is 6 m (Table 4 ). In the littoral zone Asellus dominated among the investigated species, whereas it showed low abundances in the profundal samples (t 33 = 8.049; P < 0.001; Figure 6 ). Oligochaetae also had higher abundances in the littoral zone (t 41 = 6.065; P < 0.001). Sialis was present in both habitats but only in very low numbers in the pro- White bars denote treatments without and gray bars treatments with predators. Error bars indicate one standard deviation. Asterisks denote significant differences between treatments with different bioturbating species found with Tukey's post-hoc test (*P < 0.05, **P < 0.01, ***P < 0.001).
fundal (t 34 = 5.482; P < 0.001). Chironomus plumosus was the only species with slightly higher abundances in the profundal (t 22 = -2.188; P < 0.05; Figure 6 ), a difference that was nonsignificant after Bonferroni correction.
DISCUSSION
Already Darwin noted that small-scale reworking activities by tiny invertebrates can have dramatic consequences at larger scales (Darwin 1881; Error bars indicate one standard deviation. Asterisks denote significant differences between treatments with different bioturbating species found with Tukey's post-hoc test (*P < 0.05, **P < 0.01, ***P < 0.001). Zooplankton species' names to the left of the y-axes indicate which species were significantly correlated to that particular component. Names at the top of each axis indicate species that were positively correlated to the component and names at bottom indicate species that were negatively correlated to the component. Dependent variables were scores from PCA analyses of the zooplankton community found in the hatching traps and in the water column.
Meysman and others 2006)
. Although Darwin's observations concerned terrestrial earthworms, his observations are indeed also valid for aquatic ecosystems where numerous taxa and size classes of animals rework the sediment. A major effect of these bioturbators is, of course, the physical redistribution of sediment particles, that is, shaping the physical features of the benthic habitat. However, these ''ecological engineers'' (Jones and others 1994) may not only set the stage for organisms, but also affect processes such as the oxygen demand of the sediment or the flux of minerals and nutrients between sediment and water, for example increased denitrification rates or increased precipitation of iron and phosphorus (Svensson and Leonardsson 1996; Lewandowski and others 2007) Finally, bioturbation may directly affect the rate at which species with benthic dormant stages enter the water column (Hairston and Kearns 2002; Stå hl-Delbanco and Hansson 2002) . In our study a, to our knowledge, not previously recorded effect of bioturbating species identity on species richness and community composition of hatching and water column zooplankton, was discovered. The most striking effect of bioturbation on the hatching and pelagic zooplankton community properties was that, on average, five more species (corresponding to 11%) hatched in the Asellus treatment than in any other treatment. This effect persisted in the water column where, on average, three more species (corresponding to 7%) were found in the Asellus treatment than in the other treatments. The species identity of the bioturbating invertebrates used in our study also had an effect on the community composition of the hatching zooplankton, an effect that was severely dampened in the water column community where the only significant difference between treatments was between Asellus and Chironomus. Most of the zooplankton species hatching from the sediment were found in several treatments, but the hatching success of some species was dependent on the species identity of the bioturbating invertebrate and this effect also persisted in the pelagic zooplankton community composition. The treatment effect on pelagic community composition was partly a result of some species occurring exclusively in a certain treatment, but partly also the effect of treatmentrelated abundance differences among species found in all treatments, for example, Filinia longiseta and Trichocerca cylindrica whose abundances were higher in the Asellus treatment (Figure 3 ). The species with higher abundances in the water column in the Asellus treatment were all found among the species that had a higher hatching rate in the Asellus treatment (except Diaphanosoma which was never found in any hatching trap), indicating that hatching had an influence on the community composition of the active plankton community. The significant contribution of hatching from diapausing eggs to the active community is also shown by the correlation between the cumulative number of hatched species and the species richness of the active zooplankton communities in the water column and, to a lesser extent, by the weak positive correlation between the cumulative numbers of hatching zooplankton and the abundance of zooplankton in the overlaying water ( Figure 5) .
In contrast to marine systems, where bioturbators tend to consume zooplankton resting stages and decrease hatching rates (Viitasalo and others 2007) , our freshwater bioturbators did not decrease zooplankton hatching from the sediment to the open water, suggesting considerable differences in effects from bioturbation between marine and (±1SD) 523 (276) 14 ( freshwater ecosystems. However, our results did not show a strong positive influence of bioturbation on zooplankton hatching rates as reported in previous studies on freshwater species (Hairston and Kearns 2002; Stå hl-Delbanco and Hansson 2002) . In our study, hatching was slightly higher in the presence of a benthic invertebrate predator, which may also act as a bioturbator, but the only difference in hatching rate attributed to the other three bioturbating invertebrates was a higher hatching rate in the presence of Asellus compared to treatments with Chironomus. The lack of a significant effect between the Asellus treatment and the control was, however, due to one extreme outlier in the control treatments with Sialis, that had a cumulative hatching abundance almost three times higher (approximately 8000 individuals) than any of the other four replicates which all had relatively similar abundances (1000-3000 individuals). If this replicate was excluded from the analysis the abundance of hatched zooplankton in the Asellus treatment would have been different from the control (data not shown here). Our study indicates that species identity of bioturbating benthic invertebrates may have an indirect effect on the water column zooplankton community through effects on species richness and identity of hatching zooplankton. The bioturbating mode of the species was, as expected, important for the recruitment to the water column. In fact, it appeared more important than the actual density of bioturbators, as indicated by the fact that although the numbers and biomass of Asellus were not higher than those of the other bioturbators it had the strongest impact on the investigated response variables. However, the hypothesized dampening effect of Tubifex or the stimulating effect of Chironomus on hatching was not observed. Also, the strongest effect of the predator was probably not the hypothesized indirect effect through consumption but rather through its bioturbation of the sediment, or possibly through an increased activity of its prey.
Biodiversity and community composition of the zooplankton community are properties that have been shown to affect important ecosystem traits such as temporal stability and energy transfer between trophic levels (Cottingham and others 2001; Steiner and others 2005; Gaedke and Kamjunke 2006) . Furthermore, the intermediate position of zooplankton in lake food webs implies that a change in the diversity, or composition of the zooplankton community may have effects on both higher and lower levels in a food chain (Naeem and Li 1998; Holt and Loreau 2001; Hillebrand and Shurin 2005) . The possible importance of our results for zooplankton diversity in natural systems therefore deserves some attention.
Diversity within a habitat may be seen as being promoted by dispersal from the regional species pool and restricted by exclusion within the habitat due to biotic and abiotic factors (Hillebrand and Shurin 2005) . If dispersal constrains local diversity this may have implications for ecosystem function as outlined above. In the case of zooplankton, ''immigration'' from the diapausing egg bank is considered to be of greater importance than dispersal between lakes due to the presence of a large egg-bank coupled with passive, slow, dispersal and rapid local adaptation that may reduce gene flow between lakes (Boileau and others 1992; De Meester and others 2002) . This is nicely illustrated by the study of Loch Leven where the species richness in the egg-bank was comparable to the cumulative species richness in water samples over a 6-year period, but on any given sampling date the diversity in the water column was always lower than that of the egg-bank (May 1986 ). The relevance of our results for diversity in natural systems depends on the applicability of our short and small labexperiment to a natural scale, but also on the importance of bioturbation compared to a number of other processes that may vary temporally as well as spatially, within and between lakes.
The importance of hatching from the egg-bank on the water-column community is probably exaggerated by our experimental design, because of the fact that the water column was empty at the beginning of the experiment. In temperate lakes the size and diversity of the active zooplankton community varies over the year, typically low during winter but replenished by hatching from the egg-bank during spring (De Stasio 1990; Gyllströ m and Hansson 2004) . The hatching of zooplankton from diapausing eggs may therefore be of importance for the pelagic community, at least during the beginning of the growing season, depending on the amount of hatching zooplankton relative to the size of overwintering populations (Gyllströ m and Hansson 2004). The only available information known to us regarding factors governing the size of the overwintering populations is on members of the genus Daphnia, for which it was found that the occurrence of overwintering populations increase with lake depth (De Senerpont Domis and others 2007) .
With respect to the importance of bioturbation by benthic invertebrates within lakes, we found that in a broad spectrum of lake types, sizes, and climatic regions including 42 lakes, Asellus was dominant in littoral areas. Oligochaetae (such as Tubifex sp.) were common in both habitats but more so in the littoral. Sialis occurred in lower numbers and was also most common in the littoral habitat. Chironomus on the other hand showed a more even distribution with a tendency to be more common in profundal areas (Figure 6 ). In our experimental study the recruitment of zooplankton from resting stages in the sediment was strongly stimulated by the activity of Asellus, whereas the other invertebrates, except for Sialis, had no effect on recruitment rates. Hence, it may be suggested that bioturbation will stimulate recruitment of zooplankton more in littoral than in profundal areas. In accordance with this notion, several studies have shown that recruitment of both phytoplankton and zooplankton is, indeed, higher in littoral than in profundal areas (Forsell and Petterson 1995; Hansson 1996; Stå hl-Delbanco and Hansson 2002; Gyllströ m and Hansson 2004) . Although we are fully aware that the connection between our laboratory data and the field study is purely correlational, and may therefore not allow for mechanistic conclusions, this suggests that bioturbation by efficient, littoral invertebrates may partly explain why the recruitment rate from littoral sediments is generally higher than from profundal sediments. However, the quantitative importance of bioturbation compared to other features of the littoral zone, such as higher temperature, different sediment structure, more light (Hansson 1993 (Hansson , 2000 others 1998, 2004) , as well as bioturbation from benthivorous fish, has to be further investigated.
If hatching is higher in the littoral zone, the relative size of the littoral zone may determine the importance of the processes suggested by our results between lakes. Lake depth is probably the most important factor influencing the relative importance of the littoral, but lake size, productivity, and water clarity also play an important role (Scheffer and others 1993) . Shallower lakes are, however, also more sensitive to windinduced resuspension of the sediments, a process that also may play an important role for the observed within-lake differences in hatching of zooplankton.
In conclusion our study suggests a previously not reported benthic-pelagic coupling in aquatic systems. The species identity of bioturbating benthic invertebrates in our study affected species richness and community composition of hatching zooplankton and to a lesser, but still significant, extent the biodiversity and community composition of zooplankton in the water column. Although the relevance of these findings for natural ecosystems is unknown, our results suggest that the size of the littoral zone, inhabited by a large number of efficient bioturbators, such as Asellus, may influence the zooplankton community composition considerably by affecting hatching from dormant stages.
